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SUMMARY 

The vor tex-scalar  element method, a scheme which u t i l i z e s  vor tex elements 
t o  d i s c r e t i z e  the  reg ion  o f  h igh  v o r t i c i t y  and sca la r  elements t o  represent 
species o r  temperature f i e l d s ,  i s  u t i l i z e d  i n  the numerical s imulat ions of a 
two-dimensional r e a c t i n g  m ix ing  l aye r .  Computations a re  performed f o r  a d i f f u -  
s i o n  f lame a t  h igh  Reynolds and P e c l e t  numbers w i t h o u t  r e s o r t i n g  t o  turbulence 
models. I n  the  nonreact ing f low,  the  mean and f l u c t u a t i o n  p r o f i l e s  o f  a con- 
served sca la r  show good agreement w i th  experimental measurements. Resul ts f o r  
the r e a c t i n g  f l o w  i n d i c a t e  t h a t  f o r  temperature-independent k i n e t i c s ,  the chem- 
i c a l  r e a c t i o n  begins immediately downstream o f  the s p l i t t e r  p l a t e  where m ix ing  
s t a r t s .  Resul ts f o r  t he  r e a c t i n g  f l o w  w i t h  Arrhenius k i n e t i c s  show an i g n i t i o n  

r e a c t i o n  occurs. Harmonic f o r c i n g  changes the  s t r u c t u r e  o f  the laye r ,  and con 
c o m i t a n t l y  t he  r a t e s  o f  m ix ing  and react ion,  i n  accordance w i t h  exper imental  
r e s u l t s .  Strong s t r e t c h  w i t h i n  the  b ra ids  i n  the nonequ i l i b r i um k i n e t i c s  case 
causes l o c a l  f lame quenching due t o  the temperature drop associated w i t h  the  
l a r g e  convect ive f l u x e s .  
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1. INTRODUCTlON 

Turbulent  d i f f u s i o n  f l a m e s  have been the  subject  o f  extens ive exper imental  
and t h e o r e t i c a l  i n v e s t i g a t i o n s  dur ing recent  years ( f o r  a review, see B i l g e r  
( r e f .  1 ) ) .  I n  most o f  the t h e o r e t i c a l  work, turbulence models a re  used t o  
c lose  a system o f  averaged t ranspor t  equations which descr ibes the s t a t i s t i c a l  
behavior o f  the aerothermodynamical va r iab les .  Moment methods ( r e f .  2 ) ,  eddy 
break-up and m ix ing  c o n t r o l l e d  models ( r e f .  3) ,  f lame sheet approximat ion 
( r e f .  4). assumed p r o b a b i l i t y  densi ty  f u n c t i o n  (PDF) shape methods ( r e f .  5 ) ,  
s o l u t i o n s  based on modeled j o i n t  PDF o f  sca la r  q u a n t i t i e s  ( r e f s .  6 and 7), and 
based on modeled j o i n t  PDF o f  sca lar  and v e l o c i t y  ( r e f .  8) a r e  examples i n  
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which turbulence modeling have been used f o r  t he  c losu re  o f  equat ions governing 
the  s t a t i s t i c a l  q u a n t i t i e s .  Much e f f o r t  has gone i n t o  c o n s t r u c t i n g  accurate 
models and i n  ob ta in ing  r e s u l t s  t h a t  a re  i n  agreement w i t h  exper imental  meas- 
urements. However, i n  complex systems, modeling i s  d i f f i c u l t  because o f  our 
l ack  o f  knowledge on the  d e t a i l e d  dynamics o f  t he  f l ow .  Furthermore, s ince 
m o s t  o f  t he  i n t e r e s t i n g  dynamical behavior o f  t h e  f l o w  i s  modeled a p r i o r i ,  
such features a r e  not  e x h i b i t e d  f rom the  r e s u l t s  o f  numerical  computations 
based on turbulence models, and thus can n o t  advance our understanding of t u r -  
b u l e n t  combustion. 

The progress i n  numerical methods and the  a v a i l a b i l i t y  o f  supercomputers 
have had a major impact on turbulence research. Improved accuracy of t h e  
numerics and increased storage and computational speed have made i t  p o s s i b l e  
t o  so lve the appropr ia te t r a n s p o r t  equations governing t u r b u l e n t  combustion 
i n d i r e c t l y  w i thou t  t he  need f o r  modeling over some l i m i t e d  parameter range. 
Such near l y  model-free "s imulat ions,"  i n  comparison w i t h  c a l c u l a t i o n s  u t i l i z i n g  
turbulence models, have the advantage t h a t  the dominant physics o f  the problem 
i s  n o t  modeled a p r i o r i ,  b u t  i s  recovered d i r e c t l y  f rom the  computed r e s u l t s .  
The i r  r e s u l t s  can be used t o  understand many impor tant  mechanisms o f  t u r b u l e n t  
t r a n s p o r t  and i t s  d i r e c t  i n f l u e n c e  on chemical reac t i ons .  Furthermore, s ince 
the instantaneous behavior o f  t h e  va r iab les  a re  known a t  a l l  p o i n t s  and a t  a l l  
t imes, accurate s imulat ions o f f e r  a good method o f  probing the f l o w  when exper- 
imental  techniques may f a i l .  There are, however, some l i m i t a t i o n s  on the  range 
o f  t u r b u l e n t  scales t h a t  can be resolved accu ra te l y  by model f r e e  s imu la t i ons .  
Therefore, t he re  i s  a need t o  v a l i d a t e  t h e  r e s u l t s  o f  the s imu la t i ons  by a 
d i r e c t  comparison w i t h  experimental measurements. With such v a l i d a t i o n s ,  ab 
i n i t i o  p r e d i c t i o n s  can u l t i m a t e l y  be a r e a l i t y .  

Numerical methods have been used i n  a v a r i e t y  o f  f o r m s  f o r  the s i m u l a t i o n  
o f  t u r b u l e n t  f l o w s  i n  complex c o n f i g u r a t i o n s .  A recent  survey can be found i n  
review a r t i c l e s  ( r e f s .  9 and 10) .  I n  r e a c t i n g  f l o w ,  t h ree  approaches a r e  used: 
( 1 )  f i n i t e  d i f f e r e n c e  methods, ( 2 )  s p e c t r a l  methods; and, ( 3 )  vo r tex  methods. 
I n  the f i r s t  approach, t he  va r iab les  are def ined on a g r i d  and the t r a n s p o r t  
equations are approximated by d i s c r e t i z i n y  the  d e r i v a t l v e s  on the  g r i d  nodes. 
Examples o f  t h i s  approach can be found i n  the work o f  Corcos and Sherman ( r e f .  
11) who used a p r o j e c t i o n  method t o  study the  temporal e v o l u t i o n  o f  a p e r i o d i c  
shear l a y e r ,  and i n  G r i n s t e i n  e t  a l .  ( r e f .  12) who used a f l u x - c o r r e c t e d  t r a n s -  
p o r t  scheme t o  simulate the development o f  coherent s t r u c t u r e s  i n  a two-- 
dimensional s p a t i a l l y  evo lv ing  shear l a y e r  and examined t h e i r  e f f e c t  on n i x i n g .  

I n  s p e c t r a l  methods, t h e  va r iab les  a re  expanded i n  se r ies  of harmonic 
func t i ons  t h a t  s a t i s f y  the d i f f e r e n t i a l  equations on a number o f  c o l l o c a t i o n  
p o i n t s .  R i l e y  e t  a l .  ( r e f .  13)  used a pseudo-spectral scheme t o  study a three- 
dimensional tempora l ly -evolv ing r e a c t i n g  mix ing l a y e r  assuming a constant  reac- 
t i o n  r a t e ,  constant dens i t y ,  and no heat release. McMurtry e t  a l .  ( r e f .  14) 
considered the  e f f e c t s  o f  the chemical heat re lease on the f l u i d  dynamics o f  a 
two-dimensional mixing l a y e r  f o r  a constant r e a c t i o n  r a t e .  The i n t e r p l a y  
between f l u i d  dynamics and the chemical r e a c t i o n  i s  i n v e s t i g a t e d  under these 
cond i t i ons .  G l v i  e t  a l .  ( r e f .  15) used the same method t o  compute a two- 
dimensional m i x i n g  l a y e r  w i t h  an Arrhenius chemical r e a c t i o n  and constant  dens- 
i t y  t o  assess the e f f e c t s  o f  l a r g e  coherent s t r u c t u r e  on the  l o c a l  e x t i n c t i o n  
o f  the flame. Extension t o  s p a t i l l y - g r o w i n g  l a y e r s  was i n i t i a t e d  by G i v i  and 
Jou ( r e f .  16) using a h y b r i d  pseudo-spectral second order  f i n i t e  d i f f e r e n c e  
scheme. I n  a l l  cases, the Reynolds number was kept  a t  small  values, 0(100), 
l i m i t e d  by the  g r i d  r e s o l u t i o n  and the  number of harmonic modes. 
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I n  the  t h i r d  approach, vo r tex  methods a re  used. These schemes a re  g r i d  
f ree ,  t he  t r a n s p o r t  o f  t he  var iab les takes p lace  i n  a Lagrangian form, and the 
s o l u t i o n  i s  n o t  r e s t r i c t e d  by the  geometry o f  t he  confinement. Therefore they 
can p rov ide  accurate s imulat ions f o r  h l g h  Reynolds number, s p a t i a l l y  growing 
f l ows .  Moreover, vo r tex  methods opt imize the computat ional  e f f o r t s  by d i s t r i -  
b u t i n g  computational elements around regions o f  h i g h  v o r t i c i t y .  The app l l ca -  
t i o n  of the method i n  t h i n  premixed f lame c a l c u l a t i o n s  w i t h  a f i n i t e  dens i t y  
jump has been repor ted by Ghoniem e t  a l .  ( r e f .  17) and Sethian ( r e f .  18),  among 
o the rs .  I n  these c a l c u l a t i o n s ,  the v o r t e x  method was employed t o  compute the 
f l o w  f i e l d ,  and t h e  dynamic e f f e c t  o f  combustion was represented by the propa- 
g a t i o n  o f  a t h i n  i n t e r f a c e  a t  the laminar burn ing v e l o c i t y  a c t i n g  as a volumet- 
r i c  source. 

Vortex methods were a l s o  used i n  s imu la t i ng  d i f f u s i o n  flames i n  connect ion 
w i t h  a f i n i t e - d i f f e r e n c e  approach for the t reatment o f  the sca la r  va r iab les .  
Ashurst and Barr  ( r e f .  19) used the vo r tex  method t o  compute the hydrodynamic 
f i e l d  and an Eu le r ian  f l ux -co r rec ted  t r a n s p o r t  a l g o r i t h m  t o  compute the d i f f u -  
s i o n  and convect ion o f  a conserved Shvab-Zeldovich sca la r  approximating the  
shape and convo lu t i on  o f  t he  f lame !n the l!m!t o f  i n f l n l t e l y  f a s t  chemical 
r e a c t i o n .  L i n  and P r a t t  ( r e f .  20) used the  random vo r tex  method t o  s imulate 
the  l a rge -sca le  mot ion and a Monte-Carlo method t o  c a l c u l a t e  the  time-dependent 
p r o b a b i l i t y  d e n s i t y  f u n c t i o n  o f  the s c a l a r  q u a n t i t i e s  f o r  both gaseous and 
aqueous m ix ing  l aye rs .  The PDF t ranspor t  equation, however, requ i red  a c losu re  
model f o r  t he  molecular m ix ing  term. 

From t h i s  sho r t  review, i t  i s  c l e a r  t h a t  numerical s imulat ions have played 
an impor tant  r o l e  i n  e l u c i d a t i n g  the physics o f  t u r b u l e n t  r e a c t i n g  f lows, and 
t h a t  t h e r e  i s  a c o n t i n u i n g  need f o r  more d i r e c t  s imulat ions i n  order t o  e x p l a i n  
b e t t e r  some o f  the i n t e r e s t i n g  phys ica l  phenomena t h a t  have been observed i n  
l a b o r a t o r y  experiments. 

I n  t h i s  work, we extend the vortex method t o  study nonpremlxed chemical 
reac t l ons .  A vor tex-scalar  element method i s  developed t o  t r e a t  both the  
hydrodynamic and the scalar  f i e l d  i n  a Lagrangian sense. The f a c t  t h a t  a chem- 
i c a l  r e a c t i o n  i s  t r u l y  a Lagrangian process, i .e . ,  i t  occurs when the p a r t i c l e s  
( o r  macroscopic elements) i n t e r a c t  as they f low,  mo t i va te  the  implementation 
o f  Lagrangian methods f o r  s imulat ions o f  h i g h  Reynolds number r e a c t i n g  f lows.  
The method i s  capable o f  handi lng a Wide v a r i e t y  o f  i n i t i a i  ana boundary condi-  
t i o n s  and I s  no t  l i m i t e d  t o  simple f l o w  boundaries. I n  t h i s  paper, we concen- 
t r a t e  on the  fo rmu la t i on  o f  the model and the  numerical schemes, and present  
some p r e l i m i n a r y  v a l i d a t i o n  s tud ies and i n t e r p r e t a t i o n s  o f  the r e s u l t s .  

I n  sec t i on  2, t h e  geometr ical  c o n f i g u r a t i o n  o f  a s p a t i a l l y  evo lv ing  m ix ing  
l a y e r  i s  presented, and the  formulat ion o f  t h e  problem and o f  the scheme a r e  
descr ibed. Resul ts o f  some sample c a l c u l a t i o n s  a r e  g iven I n  s e c t i o n  3. Compu- 
t a t i o n s  o f  a nonreact ing mix ing layer i s  performed f i r s t  i n  order t o  check on 
t h e  accuracy o f  the method by comparing i t s  r e s u l t s  w i t h  exper imental  measure- 
ments a t  the same cond i t i ons .  Pre l iminary r e s u l t s  o f  a r e a c t i n g  m ix ing  l a y e r  
s i m u l a t i o n  i n  which the  t w o  reactants a re  in t roduced i n  d i f f e r e n t  streams a re  
presented next .  Both constant r a t e  k i n e t i c s  and temperature dependent k i n e t i c s  
a re  considered. I n  both cases, the i n f l u e n c e  o f  the coherent s t r u c t u r e s  on the 
f i n i t e  r a t e  chemistry I s  assessed and i n  the second case, the nonequ i l i b r i um 
e f f e c t s  i n  the  r e a c t i o n  r a t e  are examined. I n  t h e  constant  r a t e  k i n e t i c s  c a l -  
c u l a t i o n s ,  t h e  i n f l uence  o f  harmonic f o r c i n g  a t  t he  i n l e t  o f  the m ix ing  l a y e r  
i s  i nves t i ga ted .  This study was mot ivated by recent  exper imental  observat ions 
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o f  Roberts and Roshko ( r e f .  22) and numerical computations o f  Ghoniem and Ng 
( r e f .  23). 
r e s u l t s  and suggestions f o r  f u t u r e  developments. 

The paper i s  concluded i n  Sect ion I V  w i t h  a summary o f  our new 

2. FORMULATION AND NUMERICAL SCHEME 

A two-dimensional, conf ined, p lana r  m ix ing  l a y e r  i s  considered. A sche- 
mat ic diagram o f  the f l o w  f i e l d  i s  shown i n  f i g u r e  1. 
reactants ,  f u e l  F and ox idan t  0, a re  present  a t  smal l  concentrat ions i n  t h e  top  
h igh  speed stream and bottom low speed stream, r e s p e c t i v e l y .  We make t h e  f o l -  
lowing assumptions: 
dynamics o f  t he  f l ow  i s  n e g l i g i b l e ;  (2 )  t he  Mach number i s  smal l ;  (3 )  t h e  f r e e  
stream concentrat ions of F and 0 a re  equal and constant;  ( 4 )  t h e  molecular d i f -  
f u s i v i t i e s  a r e  equal and constant;  ( 5 )  t he  v i s c o s i t y  i s  t he  same i n  both 
streams; and ( 6 )  t he  chemical r e a c t i o n  between F and 0 i s  s i n g l e  step, i r r e -  
v e r s i b l e ,  and second order.  The d e n s i t y  i s ,  t he re fo re ,  constant,  and the 
t r a n s p o r t  equations o f  the hydrodynamic f i e l d  and t h e  sca la r  -- temperature o r  
species -- f i e l d s  a r e  decoupled. The equations governing t h i s  system are:  

Two i n i t i a l l y  unmixed 

( 1 )  t he  heat re lease i s  low so t h a t  i t s  e f f e c t  on the  

k 
F t 0 - - *P 

( 4 )  
1 2  

t u . VT = - 0 T t Q Da \;s aT - 
a t  Pe 

- -  1 - D a Q  a t  

2 ac 
-- + u vcp = a t  V c p t D a k  

where P i nd i ca tes  products and fi = CFCO exp(-Ta/T) i s  t h e  r e a c t i o n  r a t e ,  
w r i t t e n  i n  t e r m s  o f  the r a t e  o f  generat ion o f  products per u n i t  mass. 
u = (u,v) i s  t he  v e l o c i t y ,  x = (x,y)  and x,y a re  the  streamwise and cross 
stream d i r e c t i o n s ,  r e s p e c t i v e l y ,  t i s  t i m e ,  Q i s  t h e  stream f u n c t i o n  def ined 
such t h a t  u = a@/ay and v = -aQ/ax, w = vxu i s  t he  v o r t i c i t y ,  c i s  t he  
concen t ra t i on  per u n i t  mass, T i s  temperature. v = ( a m ,  a/ay), and 
v2 = a2/ax2 + a2/ay2. Var iab les a r e  nondimensional ized w i t h  respect  t o  the  
approp r ia te  combination of t h e  t o t a l  shear hU = U1 - U2, t h e  channel h e i g h t  
H, t he  f r e e  s t r e a m  concentrat ion o f  F, C F ~ ,  t h e  f r e e  stream temperature a t  
x = 0, To. I n  equation ( 5 ) ,  3 = F or  0 f o r  f u e l  and o x i d i z e r ,  r e s p e c t i v e l y .  
Re = AU H/u i s  the Reynolds number, where u i s  the k inemat ic  v i s c o s i t y .  The 
r e a c t i o n  r a t e  constant k = A exp(-Ta/T) where A i s  t he  frequency f a c t o r ,  and 
Ta i s  the a c t i v a t i o n  energy, nondimensional ized w i t h  respect t o  (RTo), R 
being the gas constant. Q 'Is the enthalpy o f  reac t i on ,  nondimensional ized 
w i t h  respect t o  CpTo, where CP i s  t he  s p e c i f i c  heat a t  constant pressure. 
Pe = hU H / a  1 s  the Peclet  number, where Q i s  t he  thermal d i f f u s i v i t y .  
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Da = A C F ~  H/AU Is the first Damkohler number. D is diffusiv'lty and 
Le = a/D is the Lewis number. 

Since equations (4) to (6) are similar, there is no need to solve them all 
If the scalar concentrations CF, CO, and cp are normalized in such a way 
that their initial and boundary conditions are identical. This is accomplished 
by the use of Shvab-Zeldovich transformation (ref. 1). Introducing conserved 
scalars BFP = C F  + cp, and Bop = 1 - (co - cp), we get: 

1 2 2 aB t u VBj = KV Rj 
at (7) 

for j = FP or OP. Since BFP and Bop have the same initial and boundary 
conditions, BFP = Bop = 13. The finite rate kinetics effects can be taken into 
account by considering the transport equation for the product o f  chemical reac- 
tion, equation ( 6 ) ,  and equation (7) for a conserved scalar. If the Lewis num- 
ber is unity, another conserved scalar can be introduced, BPT = cp - T/Q, and 
the selution of equations (6) and (7) for cP and B will determine the behav- 
ior of all the scalar equantities, CF,  CO, CP, and T. 

2.1 The Vortex Scheme 

In the vortex method, the vorticity field is represented by a finite num- 
ber of vortex elements of finite cores: 

where ri = S o dA, is the circulation of a vortex element and 6 is the core 
radius, while xi is the center of the element. f represents the voriticity 
distribution associated with a vortex element, or the core function (Chorin 
(ref. 23), Hald (ref. 24), and Beale and Majda (ref. 25).) The velocity field 
is obtained by solving equation (2) using the discrete vorticity distribution. 

u = z ri K(X - x ~ ) K ( x  - xi) + up ( 9 )  

where K(x) = -(y,-x)/r2 i s  the kernai o f  the Poisson equation, 
K(X) = I r f(r) dr is the circulation within r, and r = 1x1. up is an 
Irrotational velocity field added to satisfy the potential boundary condition; 
u = v+ where v2+ = 0 and u.n = 0 on solid boundaries while u.n = U at 
tCe inlet, n 
boundary condition at x = 0 is: u = U1 for y > 0 and u = U2 at y < 0, 
while y = 0 is a vortex sheet o f  strength AU = U1 - U2. 

is the normal unit vector. For the confined shear layer, the 

In this work, we use Rankine vortex elements, i.e., the vorticity of an 
element is constant within the core and zero outside, f(r) = l/n for r 5 6 
and f(r) = 0 for r > 6. Correspondingly, K(r) = r 2 / 2 ~  for r 5 6 and 
K = 1 for r > 6. Moreover, the potential velocity field is obtained by con- 
formal transformation. Thus, the physical plane is mapped onto the upper half 
plane and image vortices are used to satisfy the potential boundary conditions. 
The form of the mapping function f o r  the confined shear layer is given by 
Ghoniem and Ng (ref. 22). 
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The mot ion of  t h e  vor tex elements must be const ructed such t h a t  the vor-  
t i c i t y  f i e l d  s a t i s f i e s  equat ion ( 3 ) .  
equat ion i n  two f r a c t i o n a l  steps: 

This i s  accomplished by s o l v i n g  t h i s  

(10) 
a@ Convection: gt + U * v W = O  

am 1 2 at = - 0 o Re D i f f us ion :  

I n  the f i r s t  step, t he  convect ive t r a n s p o r t  o f  v o r t i c i t y  i s  implemented i n  
t e r m s  o f  the Lagrangian displacement of the v o r t e x  elements us ing  the  c u r r e n t  
v e l o c i t y  f i e l d  computed f r o m  equat ion ( 9 ) .  I n  t h e  second step, t he  s o l u t i o n  
o f  t he  d i f f u s i o n  equation i s  s imulated s t o c h a s t i c a l l y  by the random walk d i s -  
placement o f  t he  vortex elements according t o  the  approp r ia te  popu la t i on .  
Thus : 

f o r  1 = 1,2, ..., N, where Ek I s  a k - t h  order t i m e - i n t e g r a t i o n  scheme and 
01 
v a r i a t i o n  q m e .  
and Gagnon ( r e f .  26).  

i s  a two-dimensional Gaussian random v a r i a b l e  w i t h  zero mean and standard 
For  more d e t a i l s ,  see Ghoniem and Ng ( r e f .  22) ,  Ghoniem 

The n o - s l i p  boundary c o n d i t i o n  a t  the w a l l s  i s  s a t i s f i e d  by generat ing new 
vo r tex  elements t o  cancel the induced v e l o c i t y  by the v o r t i c i t y  f i e l d .  Here, 
we generate v o r t i c i t y  on l y  a i  the p o i n t  o f  separat ion,  i .e. ,  a t  the t i p  o f  the 
s p l i t t e r  p l a t e  since the growth o f  t he  boundary l a y e r s  along the channel w a l l s  
a t  these h igh  Reynolds numbers i s  smal l .  A t  each t ime step, the new v o r t i c i t y  
A r  = -AU Um A t ,  where Um = (U1 t U2)/2, i s  consigned t o  No elements o f  
s t reng th  br/No and added t o  the  f i e l d  a t  p o i n t s  A X  = Um/No apar t  down- 
stream o f  x = 0. 

The e f f e c t  o f  t h e  numerical parameters on the accuracy o f  the r e s u l t s  was 
i n v e s t i g a t e d  by Ghoniem and Ng ( r e f .  22). Thei r  r e s u l t s  emphasized the impor- 
tance o f  us ing  a high order t i m e - i n t e g r a t i o n  scheme w i t h  k = 2 t o  avoid 
excessive numerical d i f f u s i o n  i n  the v o r t i c i t y  f i e l d .  The value of No = 6 was 
a l s o  found t o  be appropr ia te i n  order t o  o b t a i n  we l l -de f i ned  eddy s t r u c t u r e s  
a f t e r  t he  r o l l u p  and the f i r s t  t w o  p a i r i n g s .  The second p a i r i n g  I s  accom- 
p l l s h e d  w i t h i n  the domain o f  0 5 x 5 6, t h e r e f o r e  t h e  computational domain was 
l i m i t e d  t o  Xmax = 6. Downstream o f  Xmax, the v o r t i c i t y  was deleted.  
Varying Xmax 
gates about one channel h ighes t  upstream, hence the  r e s u l t s  a r e  accurate on l y  
f o r  

showed t h a t  t h e  e f f e c t  o f  d e l e t i n g  t h e  vor tex elements propa- 

0 5 x 5 5. 

2.2 THE SCALAR ELEMENT MErHOD 

I n  t h i s  scheme, which i s  a two-dimensional extens ion o f  t he  random element 
method o f  Ghoniemand Oppenheim ( r e f .  27), the s c a l a r  f i e l d  i s  represented by a 
s e t  o f  elements each c a r r y i n g  a f i n i t e  amount o f  t he  sca la r  f i e l d .  
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where s is a scalar field, being the temperature of species concentration, s i  
i s  the strength of an element, defined as the amount of scalar carried by this 
element and a ( . )  1s the Dirac delta function, s i  = l/bA I s(x,t) dA, where 
bA = b x b y ,  and bx and by are the distances between the centers of neighbor- 
ing elements in the streamwise and cross stream directions., respectively, and 
xi i s  the center of the element. If s is the active scalar, its transport 
is governed by: 

where Se is the ratio between the diffusive and convective time scales of 
transport of s, Se = Pe for s = T, and Se = Pe Le if s = c. In the 
scalar element method, this equation is solved in three fractional steps: ' 

(15) as Convection: at + u Os = 0 

as 1 2 Diffusion: at = - v s Se 

( 1 7 )  
as Reaction: at = 

Convective and diffusive transport are taken into account i n  a similar way 
as in the vortex method, i.e., by the Lagrangian motion of the scalar elements 
using the velocity field u, computed using equation ( 9 ) ,  and the random walk 
displacement of the elements usin a set of Gaussian random variables with zero 
mean and. standard deviation v- 2At/Se (Ghoniem and Sherman (ref. 28)). If xi 
i s  the center of the element i, then, 

Xi(t t at) = Xi(t) t e u(Xik) at t S i  (18) 

Chemical reaction changes the amount of reactants carried by the element 
according to the integration of equation (17). 

sj(t t at) = sj(t) t f at (19) 

However, the reaction occurs only when the element are close enough for molecu- 
lar mixing to affect their composition. Therefore, at every time step, the 
distance between the centers of each two elements of F and 0 

If A ~ i j  6 60, where 6 0  = O ( l 6 )  is the 
dif uslon = 'xi leng - xi' h scale, the composition of each o f  the two element changes 
according to equation (19). The initial distance between neighboring elements 
must be small enough to allow enough interactions between the elements. This 
limits the maximum value of the Peclet number that can be economically used in 
the computations to O(1000). 

i s  computed. 

The scheme, while providing an approximate solution of equation (12) in a 
stochastic sense, mimics closely the actual physics of the reaction process. 
This i s  achieved by using the Lagrangian formulation of the transport equations 
and dealing with the chemical production terms in individual particles. 

7 I 
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3. RESULTS AND DISCUSSION 

The computer code, developed by Ghoniem and Ng ( r e f .  22) f o r  vo r tex  simu- 
l a t i o n  o f  a nonreact ing shear l a y e r ,  was vec to r i zed  i n  o rder  t o  take  advantage 
o f  t h e  computational c a p a b i l i t y  o f  a CRAY-XMP. The scheme, be ing  e x p l i c i t  i n  
t ime  and r e q u i r i n g  most ly  nonrecursive computations, can u t i l i z e  t h i s  capab i l -  
i t y  e f f i c i e n t l y .  
d e t a i l  i n  t he  work o f  Ghoniem and Ng ( r e f .  22). Here we concent ra te  on r e s u l t s  
p e r t a i n i n g  t o  mixing and t o  chemica l l y - reac t ing  l a y e r .  

The dynamtcs f o r  t h e  nonreac t ing  l a y e r  was i n v e s t i g a t e d  i n  

3.1 Nonreacting M ix ing  Layer 

Resul ts of a t y p i c a l  s imu la t ion ,  presented I n  terms o f  t h e  v e l o c i t y  and 
l o c a t i o n  o f  a l l  vor tex  elements used i n  the  computations, a r e  shown i n  
f i g u r e s  2 t o  4 f o r  the  cases o f  Re = 24 000, Re = 4000, and Re = 1000, respec- 
t i v e l y .  Each vortex element i s  dep ic ted  by a p o i n t ,  w h i l e  i t s  v e l o c i t y  r e l a -  
t i v e  t o  t h e  mean v e l o c i t y  i s  represented by a l i n e  vec to r  s t a r t i n g  a t  t h e  
center  o f  t h e  vortex element. The v e l o c i t y  r a t i o  across t h e  l a y e r  a t  t h e  i n l e t  
i s  U2/U1 = 1/3. 

Resul ts show t h e  fo rmat ion  o f  l a r g e  vo r tex  eddies by t h e  r o l l u p  o f  t he  
v o r t i c i t y  l a y e r  t h a t  emanates a t  t h e  s p l i t t e r  p l a t e ,  and t h e  subsequent p a i r -  
ings  o f  these eddies i n t o  l a r g e r  s t ruc tu res .  The r o l l u p  o f  t h e  shear l a y e r  was 
i n v e s t i g a t e d  i n  Ghonlem and Ng ( r e f .  22) by ana lyz ing  r e s u l t s  a t  a wide range 
o f  t he  Reynolds number and a t  d i f f e r e n t  boundary cond i t i ons .  
show t h a t :  ( 1 )  the r o l l u p  i s  due t o  t h e  growth o f  pe r tu rba t i ons  by the  K e l v i n -  
Helmholtz i n s t a b i l i t y  mechanism, and t h e  shedding frequency corresponds t o  the  
most uns tab le  frequency p red ic ted  f rom t h e  l i n e a r  s t a b i l i t y  a n a l y s i s  o f  a spa- 
t i a l l y  growing layer ;  ( 2 )  p a i r i n g ,  whlch i s  assoc ia ted  w i t h  t h e  l o c a l  subhar- 
monic per tu rba t ions ,  r e s u l t s  i n  a step-wise inc rease i n  t h e  s i z e  o f  t he  
v o r t i c i t y  l a y e r  as two eddies merge; ( 3 )  The two sources o f  t h e  subharmonic 
Per tu rba t i ons  are the  downward mot ion o f  t h e  l a y e r  and the  monotonic growth i n  
t h e  s i z e  of t h e  eddies downstream; ( 4 )  t he  i n t r i n s i c  dynamics o f  t h e  i n s t a b i l -  
i t y  i s  n o t  s t rong ly  a f f e c t e d  by the  value o f  t h e  Reynolds number, except t h a t  
a t  t he  low Reynolds number t h e  eddies are  s l i g h t l y  l a r g e r  due t o  t h e  d i s p e r i s o n  
o f  v o r t i c i t y  by d i f f u s i o n ;  and ( 5 )  t he  computed v e l o c i t y  s t a t t s t i c s  show good 
agreements w i t h  experimental data, i n d i c a t i n g  t h a t  t h e  fundamental mechanisms 
o f  t h e  shear layer  a re  two-dimensional and, hence, t h e  numerical scheme i s  cap- 
ab le  o f  p r e d i c t i n g  the  l a r g e  sca le  fea tures  accu ra te l y .  

The i r  ana lys i s  

The study entrainment, a passive conserved sca la r  w i t h  a normal ized con- 
c e n t r a t i o n  value equal t o  zero i n  the  h i g h  speed stream and equal t o  one i n  the  
low speed s ide  i s  i n t roduced a t  t h e  i n l e t  sec t ion .  A t  each t ime step, 19  e l e -  
ments a r e  Introduced i n  each stream. The i n i t i a l  d i s tance  between two neigh- 
bo r ing  elements i n  the  cross stream d i r e c t i o n  i s  taken as dy = 0.021. The 
t ime s tep  b t  = 0.1, thus the  d l s tance  between t h e  elements i n  t h e  streamwise 
d i r e c t i o n  i s  6x = 0.05 on the  average. Since d i f f u s i o n  i s  more c r i t i c a l  i n  
t h e  cross stream d i r e c t i o n ,  dy i s  chosen t o  be smal le r  than dx. A case wt th  
by = 0.016, using 25 elements i n  each stream was computed, showing no s i g n i f i -  
can t  change i n  the o v e r a l l  behavior.  

Figures 5 t o  7 are  obtained f o r  Reynolds number, Pec le t  number, and ve loc-  
i t y  r a t i o  10 000, 4 000, and 1/2, r e s p e c t i v e l y .  Figures 5 and 6 show the  
v e l o c i t y  and l o c a t i o n  o f  a l l  t h e  vo r tex  and sca la r  elements r e s p e c t i v e l y ,  w h i l e  
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f i g u r e  7 e x h i b i t s  t h e  s t r e n g t h  of each o f  t he  sca la r  elements a t  the nondimen- 
s i o n a l  t imes of t = 28, 29 and 30. I n  f i g u r e  6, t he  dots represent the  f l u i d  
f rom t h e  h i g h  speed s ide  w i t h  normalized concen t ra t i on  c = 0, and t h e  open 
c i r c l e s  represent  t h e  f l u i d  f r o m  t h e  low speed s i d e  w i t h  c = 1. This f i g u r e  
i n d i c a t e s  t h a t  t he  r o l l u p  o f  t he  v o r t i c e s  and t h e i r  subsequent p a i r i n g  e n t r a i n s  
f l u i d  f rom both s ldes o f  the f r e e  streams i n t o  t h e  cores o f  t he  v o r t i c i t y  
l a y e r ,  which r e s u l t s  i n  the  enhancement o f  m ix ing  between the two streams. 
Entrainment asymnetry i s  observed as more f l u i d  f rom t h e  h i g h  speed s ide  i s  
present  i n  the  low speed s ide  than the  opposi te  (Koochesfahani ( r e f .  2 9 ) ) .  

The instantaneous p r o f i l e s  o f  t h e  concentrat ion f i e l d  a r e  averaged over a 
long-t ime pe r iod  and the  s t a t i s t i c a l  values a r e  compared w i th  experimental - data 
i n  f i g u r e s  8 and 9 .  Figure 8 shows t h e  mean value o f  t he  concentrat ion,  Cm, as 
a f u n c t i o n  of ( y  - y o ) / ( x  - xo), where yo i s  measured a t  C, = 0.5 and xo 
i s  t h e  v i r t u a l  o r i g i n  o f  t he  mlxing l a y e r  based on t h e  mean concentrat ion pro-  
f i l e  ( i n  t h e  c a l c u l a t i o n ,  xo = 0).  
computed mean concentrat ion a t  x = 4 and the  data p o i n t s  a re  obtained from 
recen t  experimental measurement by Masutani and Bowman ( r e f .  30) f o r  a d i l u t e  
nonreact ing m ix ing  l a y e r  w i t h  the same v e l o c i t y  r a t i o .  F igu re  9 shows a com- 
p a r i s o n  between t h e  computed and measured mean f l u c t u a t i o n s  o f  t he  concentra- 
t i o n ,  F'* = ( c  - Cm)'. I t  i s  evident f rom t h e  two f i g u r e s  t h a t  both t h e  mean 
and t h e  second moment o f  t he  conserved sca la r  across t h e  w i d t h  o f  t he  shear 
l a y e r  a re  accu ra te l y  p red ic ted  by our computations. 

I n  t h i s  f i g u r e ,  t he  s o l i d  l i n e  i s  the 

- 

We note t h a t  t h e  r e s u l t s  i n  f i gu res  8 and 9 a re  i n  b e t t e r  agreement w i t h  
exper imental  data than those p rev ious l y  p r e d i c t e d  by G l v i  e t  a l .  ( r e f .  31).  
I n  these c a l c u l a t i o n s ,  a k-r  turbulence model and a g rad ien t  d i f f u s i o n  model 
f o r  t u r b u l e n t  t r a n s p o r t  o f  t h e  scalar mean, moment, and p r o b a b i l i t y  dens i t y  
f u n c t i o n  was u t i l i z e d .  I n  t h e  k-c c a l c u l a t i o n s ,  t he  concentrat ion f l u c t u a -  
t i o n s  e x h i b i t  a f a i r l y  smooth bel l-shaped p r o f i l e  w i th  a much l e s s  c l e a r  double 
"hump1I i n  the  mlddle region, i n d i c a t i n g  poor agreement near the h igh  speed 
s t ress .  
p r o f i l e s  t h a t  correspond t o  the l o c a t i o n  where t h e  g r a d i e n t  o f  t he  mean value 
i s  h ighes t .  The same behavior i s  observed by t h e  exper imental  r e s u l t s  o f  
Masutani and Bowman ( r e f .  30) and Ba t t  ( r e f .  32). I t  i s  c l e a r  t h a t ,  I n  accord- 
ance w i t h  the  f i n d i n g s  o f  Broadwell and Br iedenthal  ( r e f .  33), the i n t e r m i t -  
tency caused by the l a r g e  coherent s t r u c t u r e s  c o n t r i b u t e s  g r e a t l y  t o  the  s t a -  
t i s t i c s  o f  t h i s  t u r b u l e n t  f low.  

The present  c a l c u l a t i o n s  show t h e  two l o c a l  maxima i n  the f l u c t u a t i o n  

3.2 Reacting M ix ing  Layer 

I n  t h e  c a l c u l a t i o n  o f  a reac t l ng  m ix ing  l a y e r ,  t w o  reac tan ts  F and 0 
a r e  in t roduced on both sides of  the s p l i t t e r  p l a t e .  A t  x = 0, f o r  y > 0 ,  
C F  = 1, and co  = 0, and f o r  y > 0, co = 1, and C F  = 0, w h i l e  cp = 0. AS 
reac tan ts  a re  en t ra ined  i n t o  the  mlxlng cores o f  t h e  l aye r ,  they d i f f u s e  across 
t h e  o r i g i n a l  i n t e r f a c e  and chemical r e a c t i o n  proceeds. The r o l l u p  and p a i r i n g  
increases the  o r i g i n a l  l e n g t h  o f  t h e  i n t e r f a c e  by many f o l d s  and a l l o w  the  
en t ra ined  f l u i d  t o  d i f f u s e  along a l a r g e r  boundary (Ghoniem e t  a l .  ( r e f .  3 4 ) ) .  
During t h i s  process, i f  the  Lagrangian elements u t i l i z e d  t o  represent  the  
i n t e r a c t i o n  between chemical ly  r e a c t i n g  species a r e  brought c lose  enough so 
t h a t  t he  d i s tance  between two neighbor ing elements i s  smal ler  than t h e  charac- 
t e r i s t i c  d i f f u s i o n  length,  they react a t  t h e  r a t e  def ined by equat ion (17) .  
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I n  f i g u r e s  10 t o  12, we present  t h e  v e l o c i t y ,  l o c a t i o n ,  and t h e  s t reng th  
o f  t h e  elements i n  terms o f  product  concent ra t ion  f o r  t h e  r e a c t i n g  m ix ing  l a y e r  
w i t h  constant  ra te  chemical k i n e t i c s  and temperature-dependent r e a c t i o n  r a t e ,  
respec t i ve l y .  The amount o f  t h e  products formed due t o  chemical r e a c t i o n  i s  
presented by t h e  diameter o f  t h e  c i r c l e s  I n  t h e  f i g u r e s ,  i .e . ,  l a r g e r  c i r c l e s  
i n d i c a t e  more products. I n  bo th  cases, Re = 10 000, Pe = 4 000, and 
U2/U1 = 1/3 wh i l e  Le = 1. I n  the  constant  r a t e  k i n e t i c s  case, t he  va lue o f  
t he  Damkohler number Da = 1 and i n  t h e  temperature-dependent k i n e t i c s  Da = 
200, Ta = 10, and Q = 5. Note t h a t  i n  bo th  cases the  va lue o f  t he  nondimen- 
s lona l  k i n e t i c  parameters a re  low enough so t h a t  t h e  e f f e c t s  o f  heat re lease 
on t h e  f l u i d  dynamics can be n e g l i g i b l e .  The s t i f f n e s s  o f  equat ion (19) f o r  
l a r g e  values o f  the Damkohler number imposes a r e s t r i c t i o n  on t h e  t ime s tep  o f  
i n t e g r a t i o n .  I n  these ca l cu la t i ons ,  we found t h a t  A t  = 0.1 i s  s u f f i c i e n t l y  
smal l  t o  accurate ly  i n t e g r a t e  t h e  slow chemist ry .  

t i o n s ,  the  products are formed as mix ing  occurs j u s t  downstream o f  the  s p l i t t e r  
p l a t e ,  w h i l e  i n  the temperature-dependent k i n e t i c s  c a l c u l a t i o n s ,  t he re  i s  an 
i g n i t i o n  delay before the  reac tan t  reach a temperature h igh  enough t o  a l l o w  any 
s i g n i f i c a n t  chemical r e a c t i o n  t o  occur.  Once the  r e a c t i o n  begins, t he  mechan- 
i s m  o f  product  format ion and chemical r e a c t i o n  i n  bo th  cases a re  asympto t i ca l l y  
t he  same. Increas ing the  Damkohler number t o  Da = 400 r e s u l t s  i n  a sho r te r  
i g n i t i o n  delay,  and preheat ing the  reac tan ts  by i nc reas ing  the  temperature a t  
the  i n l e t  t o  T i  = Q / 2  w h i l e  Da = 200, e l im ina tes  the  i g n i t i o n  delay as i n d i -  
cated i n  f i g u r e s  13 and 14, respec t i ve l y .  

A comparison between t h e  two f i gu res  revea l  t h a t  under isothermal  condi -  

I n  order t o  examine t h e  e f f e c t s  o f  chemical r e a c t i o n  on t h e  t r a n s p o r t  of 
species, t he  concentrat ion s t a t i s t i c s  i n  t h e  temperature-independent r e a c t i o n  
case a re  presented i n  f i g u r e s  1 5  and 16. These f i g u r e s  correspond t o  the 
ensemble mean and f l u c t u a t i o n s  i n  the  bot tom-st ress species concent ra t ion  i n  a 
r e a c t i n g  m ix ing  layer  w i t h  Da = 1, U2/U1 = 1/2, Re = 10 000, and Pe = 4000. 
A comparison between f i g u r e s  1 5  and 8, and between f i g u r e s  16 and 9 i n d i c a t e s  
t h a t  near the  f ree  stream, the  chemistry does no t  a f f e c t  t he  s t a t i s t i c a l  behav- 
i o r  o f  t he  species. Near the  r e a c t i o n  zone, however, the  mean and the  rms  
values o f  t he  concentrat ion are  lower under r e a c t i n g  cond i t i ons ,  w h i l e  the 
second hump near t h e  h lgh  speed stream s ide  o f  t he  rms p r o f i l e  i n  the  nonreact-  
I n g  l a y e r  i s  e l lm lna ted  i n  the r e a c t i n g  f l o w  due t o  t h e  l o c a l  consumption o f  
t he  species by chemical reac t i on .  The same behavior was a l s o  observed i n  the  
experiments of Masutanl and Bowman ( r e f .  30) i n  a r e a c t i n g  mix ing  l a y e r  under 
isothermal  cond i t ions .  Thei r  r e s u l t s ,  however, can n o t  be compared q u a n t i t a -  
t i v e l y  w i t h  the  present c a l c u l a t i o n s  s ince  t h e  values o f  t h e  chemical param- 
e te rs  employed i n  the  numerical  s imu la t i on  a re  s u b s t a n t i a l l y  lower than those 
o f  t h e  experiment. 

3.3 E f f e c t  o f  Harmonic Forc ing  

The dynamic e f f e c t  o f  o s c i l l a t i n g  the  upstream s ide  o f  t he  l a y e r  was 
s tud ied  exper imenta l ly  by severa l  authors,  e.g., Oster and Wygnanski ( r e f .  35) 
and Roberts and Roshko ( r e f .  21) and numer ica l l y  by Ghoniem and Ng ( r e f .  22) .  
The i r  r e s u l t s  i n d i c a t e  t h a t  i n  the  forced case, eddy i n t e r a c t i o n s  f o l l o w  f o u r  
stages. I n  t h e  f i r s t  stage, t he  l a y e r  r o l l s  up a t  t h e  harmonic of the  f o r c i n g  
frequency c loses t  t o  t h e  most amp l i f i ed  mode. I n  the  second stage, a process 
o f  acce le ra ted  pa i r i ngs  y i e l d s  a l a r g e  eddy which i s  i n  tune w i t h  the  f o r c i n g  
frequency. This l a r g e  resonant eddy appears e a r l i e r  than i t  would appear i n  
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t h e  case of an unforced l a y e r .  I n  the t h i r d  stage, p a r i n g  among resonant 
eddies, which represents a n e u t r a l l y  s t a b l e  mode, i s  d i sab led  and the  growth 
o f  t h e  v o r t i c i t y  l a y e r  i s  impaired f o r  several  eddies downstream. I n  the  
f o u r t h  stage, the e f f e c t  o f  f o r c i n g  diminishes and pseudo-random p a i r i n g  i s  
resumed. Moreover, v e l o c i t y  s t a t i s t i c s  a r e  a f f e c t e d  by f o r c i n g ,  and the  s ign  
o f  momentum t r a n s f e r  across the  l aye r  i s  reversed f o l l o w i n g  p a i r i n g .  En t ra in -  
ment o f  pass ive p a r t i c l e s  was found t o  be commensurate w i t h  t h e  development o f  
t h e  v o r t i c i t y  l aye r .  

I n  the  recent  experiment by Roberts and Roshko ( r e f .  21), i t  has been 
observed t h a t  p e r i o d i c  f o r c i n g  has a d i r e c t  i n f l u e n c e  on the  outcome o f  chemi- 
c a l  r e a c t i o n  across a t u r b u l e n t  shear l a y e r .  The r e s u l t s  o f  t h i s  experiment 
i n d i c a t e  t h a t  when harmonic f o r c i n g  i s  appl ied,  t h e  m ix ing  r a t e :  (1) i s  
increased i n  t h e  i n i t i a l  stages where t h e  resonant eddy i s  forming; ( 2 )  i s  
decreased i n  the  i n te rmed ia te  stage which corresponds t o  t h e  resonant o r  
"frequency-lockedIi region; and, ( 3 )  i s  t h e  same as t h a t  o f  t h e  unforced l a y e r  
f u r t h e r  downstream. I n  order t o  character ize these th ree  regions, t h e  
Wygnanski-Oster parameter Xw = AU nx/Um2 i s  u t i l i z e d ,  where R i s  t he  f o r c i n g  
frequency ( r e f .  35).  Roberts and Roshko ( r e f .  21) and Browand and Ho ( r e f .  36) 
show t h a t  t he  th ree  d i f f e r e n t  regions can be c l a s s i f i e d  according t o  the  l o c a l  
value o f  Xw parameter. I n  reg ion  I, Xw < 1, the  growth r a t e  i s  enhanced. 

I n  reg ion  11, Xw > 1, the  frequency-locked region, t he  growth r a t e  i s  
I n  reg ion  111, t h e  growth r a t e  re laxes t o  t h a t  o f  the unforced i n h i b i t e d .  

l a y e r .  

I n  order t o  i n v e s t i g a t e d  t h i s  phnomenon computat ional ly ,  the response o f  
t h e  r e a c t i n g  shear l a y e r  t o  the a p p l i c a t i o n  o f  low frequency, l o w  ampl i tude 
p e r t u r b a t i o n s  on the  upstream s ide  o f  t he  shear l a y e r  i s  computed. Streamwise 
o s c i l l a t i o n s  a re  app l i ed  on both s i d e s  o f  the l a y e r ,  hence a pressure p re tu rba -  
t i o n  i s  imposed w i t h o u t  changing the v o r t i c i t y  f i e l d .  The streamwise v e l o c i -  
t i e s  a r e  taken as U1 = 1 + a s in  (2&t) ,  and U2 = a U2, where a i s  the 
ampl i tude o f  f o r c i n g .  

The normalized d i s t r i b u t i o n  o f  t he  product  th ickness along the m ix ing  
l a y e r  f o r  t h ree  cases, n = 0, 0.5, and 1, i s  shown i n  f i g u r e  17. I n  these 

m ix ing  i s  enhanced i n  t h e  i n i t i a l  p a r t  o f  the l aye r ,  1 6 x 6 2. The resonant, 
frequency-locked reg ion  begins a t  x = 2 and ends a t  value x - 3 .  I n  t h i s  
reg ion,  m ix ing  i s  reduced and i s  less than t h a t  o f  unforced mix ing l a y e r .  
Downstream o f  t h i s  reglon, x L 3, mixing r a t e  resumes i t s  n a t u r a l  growth and 
reaches asympto t l ca l l y  t h a t  o f  t h e  unforced l a y e r .  For lower f o r c i n g  f r e -  
quency, $2 = 0.5, t he  same o v e r a l l  behavior i s  observed. I n  t h i s  case, how- 
ever, t he  r e s u l t s  o f  numerical c a l c u l a t i o n s  i n d i c a t e  t h a t  t he  resonant 
frequency-locked reg ion  i s  approximately i n  t h e  range 3 6 4 x 6 4. A compari- 
son between t h e  range o f  t h e  frequency locked reg ion  c a l c u l a t e d  here w i t h  t h a t  
est imated by Browand and Ho ( r e f .  36) i s  shown on t a b l e  I. Considering the  
f a c t  t h a t  our s imulat ions Ignore the e f f e c t  o f  smal l  sca le three-dimensional 
turbulence motion, and consider ing the n o n u n l v e r s a l i t y  o f  t he  Browand and H O ' S  
curve due t o  i t s  independence t o  experimental cond i t i ons  and o the r  impor tant  
nondimensional lzed parameters, t h i s  agreement i s  encouraging. 

c a i c u i a t i o n s ,  a I 0.1, and Re = 4200. The f:gui.e 4 n A 4 r q + n r  IIIU i L a ~ c a  +h%+ L i i a ~  f ~ r  f i  a6 = 1 I , 
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3.4 Effects of Strain Rate 

It has been shown experimentally by Tsuji (ref. 37), numerically by Lieu 
et ai. (ref. 38), and analytically by Peters (ref. 39), that the strain rate 
has a major influence on the flame structure, particularly in nonpremixed sys- 
tems. In the counter-flow diffusion flame experiments of Tsuji (ref. 37), it 
was observed that increasing the magnitude of stretch near the flame surface 
results in an increase of the flow of reactants into the reaction zone. As a 
result, the chemical reaction is not able to keep pace with the supply of 
reactants, and the reaction rate Is reduced until local flame quenching occurs. 
The analysis of Peters (ref. 39), which is based on the method of matched 
asymptotic expansion at large activation energy, shows that the mechanism of 
flame extinction can be addressed by examlnlng the local value of the rate of 
scalar dissipation. This parameter is viewed by Peters (ref. 39) as the 
inverse of the diffusion time scale. If the local value of dissipation is 
increased beyond a critical limit, the heat conducted away from the diffusion 
flame can not be balanced by the heat produced by the chemical reaction. As a 
result, the maximum value of the temperature decreases, and the reaction even- 
tually ceases. 

By increasing the number of scalar elements to 38 in each stream while 
decreasing the computational domain to 
ing reactants to Ti = Q / 2  to start the chemical reaction immedlately down- 
stream the splitter plate, we were able to observe this phenomenon. 
and 19 show the instantaneous velocity and temperature rise, T - TI, of the 
scalar element at times of t = 19 and t = 21, respectively. In this case, 
the Damkohler number, the normalized enthalpy of reaction, the activat’lon 
energy, and the velocity ratio at the inlet are 50, 8, 20, and 1/3, respec- 
tively.. The cross-stream direction is enlarged by a factor of 2 for the pur- 
pose of clari ty. 

Xmax = 4, and by preheating the incom- 

Figures 18 

The figures show that the number of scalar elements near the braid, which 
is the thin link between two neighboring cores, is only a small portion of the 
total number of elements within the computational domain, which reached more 
than 5100. This indicates an instantaneous quenching at the stagnation points 
of the layer. Moreover, the temperature and product concentration in the reac- 
tion zone reach a maximurn at the core of the eddies where the vorticity concen- 
tration is high, while they reach a minimum at the stagnation point within the 
braid between the neighboring cores where the strain and the scalar gradients 
reach their maximum values. This Is consistent with the results of the pseudo- 
spectral calculations of Givi et al. (ref. 1 5 ) ,  and with the experimental 
observations of Tsuji (ref. 37) who showed that the local extinction of diffu- 
sion flame occurs mainly at the regions of high dissipation rate. At these 
regions, the temperature tends to decrease, and if it goes below a critical 
characteristic value, the flame locally extinguishes. 

Quantitative analysis of the effects of stretch on the chemical reaction 
i s  rather difficult in the context of present algorithm. This is due to the 
fact that there are very few scalar elements near the regions of high strain, 
and as shown by Ghoniem et al. (ref. 34), most on the elements tend to be con- 
centrated near the regions with low dissipation. Implementation of a numerical 
scheme based on the transport of the scalar gradients, as in Ghonlem et al. 
(ref. 34) can Improve the accuracy of the analysis substantially, particularly 
those associated with the effects o f  stretch. In this method, the elements are 
concentrated near the regions of large gradients, or high dissipation, and 
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hence a smal ler  t o t a l  number of elements have t o  be considered. 
t a t i o n  of t h i s  method f o r  t h e  numerical s i m u l a t i o n  o f  unpremixed r e a c t i n g  f l o w s  
i s  p r e s e n t l y  underway t o  study the  e f f e c t  o f  s t r a i n  r a t e  more accu ra te l y .  

The implemen- 

4. CONCLUSION 

I n  t h i s  work, a numerical scheme based on t h e  t r a n s p o r t  o f  computational 
element c a r r y i n g  v o r t i c i t y  and scalar q u a n t i t i e s  has been developed t o  s imulate 
a r e a c t i n g  p lanar ,  two-stream mixing l a y e r  w i t h  unmixed reactants .  
solves t h e  t r a n s p o r t  equations a t  high Reynolds and Pec le t  numbers w i t h o u t  
us ing  models f o r  turbulence c losure.  
implement the  chemical reac t i ons  f o r  both constant  r a t e  k i n e t i c s  and v a r i a b l e  
temperature Arrhenius reac t i ons .  

The scheme 

A Lagrangian s tochas t i c  model i s  used t o  

I n  t h e  nonreact lng f l o w  simulat ions,  t he  c a l c u l a t e d  s t a t i s t i c s  o f  the mix- 
i n g  o f  a conserved scalar  a re  i n  good agreement w i t h  exper imental  data.  I n  
p a r t i c u l a r ,  the numerical r e s u l t s  show the presence o f  two maxima !r! t he  f l u c -  
t u a t i o n  p r o f i l e .  I n  t h e  constant r a t e  r e a c t i n g  f l o w  s imu la t i on ,  t h e  e f f e c t  o f  
chemistry i s  t o  smooth ou t  t h i s  curve and produce a s i n g l e  maximum, which 
agrees w i t h  the  experimental observations. Harmonic f o r c i n g  enhances the  m i x -  
i n g  w i t h i n  t h e  accelerated growth zone o f  t he  v o r t i c i t y  l aye r ,  w h i l e  i t  impai rs  
the  entrainment o f  t he  unmixed f l u i d  i n t o  the cores I n  t h e  resonat ing reg ion.  
As  a r e s u l t ,  t h e  numerical s imulat ion i n d i c a t e s  a decrease i n  the r a t e  o f  pro-  
duce format ion i n  the  frequency-looked reg ion,  s i m i l a r  t o  previous experimental 
f i nd ings .  

I n  the Arrhenius, temperture-dependent k i n e t i c s ,  t he  mechanism o f  i g n i t i o n  
delay, and the  e f f e c t s  o f  reactants  preheat ing on the decease o f  t he  d u r a t i o n  
o f  t h i s  delay I s  observed. A l s o ,  t h e  nonequ i l i b r l um coup l i ng  between the sca- 
l a r  d i s s i p a t i o n  r a t e  and the f lame s t r u c t u r e  i s  revealed as quenching f r e -  
quen t l y  appears w i t h i n  t h e  b ra ids .  To descr ibe t h i s  phenomenon more 
accu ra te l y ,  work i s  underway t o  const ruct  a h igher  order scheme which can pro- 
v i d e  b e t t e r  r e s o l u t i o n  a t  the regions o f  s t rong s t r a i n  r a t e s .  

ACKNOWLEDGMENT 

The authors apprec iate t h e  support o f  NASA Lewis Research Center i n  pro-  
v i d i n g  computer t ime on t h e  CRAY-XMP. The h e l p  o f  Mr. Don Love11 o f  Flow 
Research Company i n  v e c t o r i z i n g  t h e  codes and i n  p r o v i d i n g  graphics r o u t i n e s  
i s  g r a t e f u l l y  acknowledged. 

REFERENCES 

1. B i l g e r ,  R.W.: Turbulent  F l o w s  w i t h  Nonpremixed Reactants. Turbulent  
Reacting F l o w s ,  R.W. B i l g e r ,  P.A. L ibby,  and F.A. Wi l l iams,  eds., Spr inger-  
Verlag, B e r l i n ,  1980, pp. 65-113. 

2. Donaldson, C.  duP.; and Varma, A.K.: Remarks on t h e  Construct ion o f  a 
Second-Order Closure Desc r ip t i on  o f  Turbulent  Reacting Flows. Combust. 
S c i .  and Technol., v o l .  13, nos. 1-6, 1976, pp. 55-78. 

13 



3. G l v i ,  P.; Ramos, 3.1.; and Si r ignano,  W.A.: Turbu len t  React ing Concentr ic 
Jets  - Comparison Between PDF and Moment Ca lcu la t ions .  Dynamics o f  Flames 
and React ive Systems, J.R. Bowen, e t  a l . ,  eds., A I A A ,  1984, pp. 384-420. 

4. B i l g e r ,  R.W.: Turbulent  J e t  D i f f u s i o n  Flames. Prog. Energy Combust. Sci., 
V O ~ .  1, 1976, pp. 87-109. 

5. Lockwood, F.C.; and Nagulb, A.S.: The P r e d i c t i o n  o f  the  F luc tua t i ons  i n  
t h e  Proper t ies  of Free, Round-Jet, Turbulent,  D i f f u s i o n  Flames. Combust. 
Flame, v o l .  24, 1975, pp. 109-124. 

6. G i v i ,  P.; Sir ignano, W.A.; and Pope, S.B.: P r o b a b i l i t y  Ca lcu la t i ons  f o r  
Turbulent  J e t  Flows w i t h  Mix ing  and React ion o f  NO and 03. 
Technol., vo l .  37, nos. 1-2, 1984, pp. 59-78. 

Combust. Sc i .  

7. Nguyen, T.V.; and Pope, S.B.: Monte Car lo  Ca lcu la t i ons  o f  Turbulent  
D i f f u s i o n  Flames. Combust. Sc i .  Technol., v o l .  42, nos. 1-2, 1984, 
pp. 13-45. 

8. Pope, S.B.; and Correa, S.M.: J o i n t  PDF Ca lcu la t i ons  o f  a Non-Equi l ibr ium 
D i f f u s i o n  Flame. Twenty-F i rs t  Symposium ( I n t e r n a t i o n a l )  on Cornbustion, 
Combustion I n s t i t u t e ,  P i t t sburgh,  PA, t o  appear, 1987. 

9. Ghoniem, A.F.: Computational Methods i n  Turbulent  React ing Flows. 
React ing Flows: Combustion and Chemical Reactors, (Lectures i n  Appl ied 
Mathematics, V o l .  24), G. Ludford, ed., American Mathematical Society ,  
1986, pp. 199-265. 

10. Oran, E.A.; and Bor is ,  J.P.: Numerical S imu la t ion  o f  React ive Flows, t o  
be pub l ished by E lsev ie r  Science Pub l ish ing  Co., 1987. 

11. Corcos, G.M.; and Sherman, F.S.: The Mix ing  Layer; De te rm in i s t i c  Models 
o f  a Turbulent  Flow. Par t  1: I n t r o d u c t i o n  and the  Two-Dimensional Flow. 
3. F l u i d  Mech., vo l .  139, Feb. 1984, pp. 29-65. 

12 .  Gr ins te in ,  F.F.; Oran, E.S.; and Bor is ,  J.P.: Numerical Simulations o f  
Symmetric Mixing i n  Planar Shear Flows. NRL-MR-5621, Naval Research Lab, 
1985. ( A v a i l  . NTIS, AD-A1 58024). 

13. R i l ey ,  J.J.; Metcalfe, R.W.; and Orszag, S.A.: D i r e c t  Numerical 
S imulat ions of Chemically React ing Turbulent  Mlx ing  Layers. Phys. F lu ids ,  
v o l .  29, no. 2, Feb. 1986, pp. 406-422. 

1 4 .  McMurtry, P.A., e t  a l . , :  D i r e c t  Numerical S imulat ions o f  a React ing Mix ing  
Layer With Chemical Heat Release. A I A A  J., v o l .  24, no. 6, June 1986, 
pp. 962-970. 

15.  G i v i ,  P.; Jou, W.H.; and Metca l fe ,  R.W.: Flame E x t i n c t l o n  i n  a Temporar i ly  
Evo lv ing  Mixing Layer. Twenty-F i rs t  Symposium ( I n t e r n a t i o n a l )  on 
Combustion, The Combustion I n s t i t u t e ,  P i t t sburgh,  PA, t o  appear, 1987. 

16. G i v i ,  P.; and Jou, W.H.: M ix ing  and Chemical React ion i n  a S p a t i a l l y  
Developing Mixing Layer. Presented a t  the Cent ra l  States Sec t ion  Meeting 
o f  The Combustion I n s t i t u t e ,  Cleveland, OH, May 1986. 

1 4  



1 7 .  Ghoniem, A.F.; Chorin, A.J.; and Oppenheim, A.K.: Numerical Mode l l i ng  o f  
Tu rbu len t  Flow i n  a Cornbustion Tunnel. P h i l .  Trans. R. SOC. London A, 
Vol .  304, no. 1484, Mar. 9, 1982, pp. 303-325. 

18. Seth ian,  J.A.: Turbu len t  Combustion i n  Open and Closed Vessels. J. 
Camput. Phys., v o l .  54, no. 3 ,  June 1984, pp. 425-456. 

19. Ashurst ,  W.T.; and Barr ,  P.K.: Lagrangian-Euler ian C a l c u l a t i o n  o f  
Tu rbu len t  D i f f u s i o n  Flame Propagation. SAND80-9950, Sandia Na t iona l  
Labora tor ies ,  1982. 

20. L in ,  P.; and P r a t t ,  D.T.: Numerical S imu la t i on  o f  a Plane Turbu len t  M ix ing  
Layer,  Wi th  App l i ca t i ons  t o  Isothermal ,  Rapid React ions.  A I A A  Paper 
87-0224, Jan. 1987. 

21. Roshko, A.; and Roberts, F.A.: E f f e c t s  o f  Pe r iod i c  Forc ing  on M ix ing  i n  
Tu rbu len t  Shear Layers and Wakes. A I A A  Paper 85-0570, Jan. 1985. 

22. Ghoniem, A.F.; and Ng, K.K.: Numerical Study o f  t h e  Dynamics o f  a Forced 
Shear Layer. Phys. F l u l d s ,  v o l .  30, no. 3 ,  Mar. 1987, pp. 706-721. 

23. Chor in,  A.M.: Numerical Study o f  S l i g h t l y  Viscous Flow. 3. F l u i d  Mech., 
v o l .  57, p t .  4, Mar. 6, 1973, pp. 785-796. 

24. Hald, O.H.: The Convergence o f  Vor tex Methods f o r  Eulers  Equat lons.  11. 
S I A M  J. Numer. Anal., v o l .  16, no. 5, Oct. 1979, pp. 726-755. 

25. Beale, J.T.; and Majda, A.: Vortex Methods. 11. Higher Order Accuracy i n  
Two and Three Dimensions. Math. Comput., v o l .  39, no. 159, J u l y  1982, pp. 
29-52. 

26. Ghonlem, A.F.; and Cagnon, Y . :  Vor tex S imu la t i on  o f  Laminar R e c i r c u l a t i n g  
Flow. J .  Comput. Phys., v o l .  68, no. 2, Feb. 1987, pp. 346-377. 

27. Ghoniem, A.F.; and Oppenhelm, A.K.: Numerical S o l u t i o n  f o r  t he  Problem o f  
Flame Propagat ion by the  Random Element Method. A I A A  J. ,  v o l  22, no. 10, 
O C t .  1984, pp. 1429-1435. 

28. Ghoniem, A.F.; and Sherman, F.S.: Gr id-Free S imu la t i on  o f  D i f f u s i o n  Using 
Random Walk Methods. J. Comput. Phys., v o l .  61, Nov. 1985, pp. 1-37. 

29. Koochesfahani, M.M.: Experiments on Turbu len t  M ix ing  and Chemical 
React ions i n  a L i q u i d  M ix ing  Layer. Ph.D. Thesis,  C a l i f o r n i a  I n s t i t u t e  o f  
Technology, 1984. 

30. Masutani, S.M.; and Bowman, C.T.: The S t r u c t u r e  o f  a Chemical ly React ing 
Plane M ix ing  Layer. 3 .  F l u i d  Mech., v o l .  172, Nov. 1986, pp. 93-126. 

31. G l v i ,  P.; Ramos, J . I . ;  and Si r ignano,  W.A.: P r o b a b i l i t y  Dens i ty  Func t ion  
C a l c u l a t i o n s  i n  Turbu len t  Chemical ly React ing Round Je ts ,  M ix ing  Layers and 
One-Dimensional Reactors.  J .  Non-Equi l ib.  Thermodyn., v o l .  10, no. 2, 
1985, pp. 75-104. 

1 5  



32. B a t t ,  R.G. :  Turbu len t  M ix ing  o f  Passive and Chemical ly  React ing Species 
i n  a I-ow-Speed Shear Layer. J. F l u i d  Mech., v o l .  82, p t .  1, Aug. 19, 1977, 
pp. 53-95. 

33. Broadwel l ,  J.E.; and Bre iden tha l ,  R . E . :  A Simple Model o f  M i x i n g  and 
Chemical Reaction i n  a l u r b u l e n t  Shear Layer .  J .  F l u i d  Mech., v o l .  125 ,  
Dec. 1982, pp. 397-110. 

34. Ghoniem, A . F . ;  Heidar iene jad ,  G.;  and Kr ishnan,  A . :  Computation of a 
Thermal ly  S t r a t i f i e d  M ix ing  Layer. J. Comput. Phys., submi t ted  f o r  
pub1 i c a t i o n ,  1987. 

35. Oster ,  D.; and Wygnanski, I . :  The Forced M i x i n g  Layer Between P a r a l l e l  
Streams. J .  F l u i d  Mech., v o l .  123, Oct. 1982, pp. 91-130. 

36. Browand, F . K . ;  and Ho, C.H. :  The Mqxing Layer: An Example o f  Quasi  Two- 
Dimensional Turbulence. J .  Mec. I h e o r .  Appl.,  Spec ia l  Supplement, 1983, 
pp. 99-120. 

37. l s u j i ,  H . :  Counter f low D i f f u s i o n  Flames. Prog. Energy Combust. Sc i . ,  
V O ~ .  8, 1982, pp. 93-119. 

38. Liew, S.K.; M o s s ,  J.B.; and Bray, K.N.C. :  P red ic ted  S t r u c t u r e  of Stre tched 
and Unstretched Methane-Air D i f f u s i o n  Flame. Dynamics of  Flames and 
React ive  Systems, J.R. Bowen, e t  a l . ,  eds., A I A A ,  1984, pp. 305-319. 

39. Peters ,  N.: Laminar D i f f u s i o n  F lamele t  Models i n  Non-Premixed l u r b u l e n t  
Combustion. Prog. Energy Combust. Sc i . ,  v o l .  10, 1984, pp. 319-339. 

TABl-E 1. - 

I Frequency 1 ocked req i on I 

~ 

FIGURE 1. - SCHEMATIC DIAGRAM OF THE SHEAR LAYER MODEL. 
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U2 = 0.3333, RE = 24000; TINE = 28.00 

U2 = 0.3333, RE = 24000: TINE = 29.00 

!!2 = 0.3333. RE = 24000; ?!ME = 3O;OO 

FIGURE 2. - VORTICITY FIELD AT RE = 24000. U2/U1 = 113. 

U2 = 0.3333, RE = 10000; TINE = 28.00 

- t  

U2 = 0.3333. RE = 10000; TIME = 29.00 

U2 = 0.3333, RE = 10000; TIME = 30.00 

FIGURE 3 .  - VORTICITY FIELD AT RE = 10000, U2/U1 = 1/3. 
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U2 = 0.3333, RE = 4000; TIME = 28.00 

U2 = 0.3333. RE = 4000; TIME = 29.00 - 

U2 = 0.3333. RE = 4000; TIME = 30.00 

FIGURE 4. - VORTICITY F I E L D  AT RE = 4000. U2/U1 = 113 

U2 = 0.5000. RE = 10000; TIME = 28.00 

U2 = 0.5000. RE = 10000; TIME = 29.00 

Y t E S  

U2 = 0.5000, RE = 10000; TIME = 30.00 

FIGURE 5. - VORTICITY F I E L D  AT R E  = 10000, U2/U1 0.5. 
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U 2  = 0.5000, RE = 10000; T I N E  = 28.00 

U 2  = 0.5000. RE = 10000; T I R E  = 29.00 

U 2  = 0.5000. R E  = 10000; TIME = 30.00 

FIGURE 6. - SCALAR'S VELOCITY F I E L D  AT RE = 10000, U2/U1 = 0.5 .  

U2 = 0.5000. RE = 10000; T I R E  = 28.00 

0 

U2 = 0.5000. RE = 10000; T I R E  = 29.00 

- -  

U2 = 0.5000. RE = 10000; T I R E  = 30.00 

FIGURE 7. - CONCENTRATION F I E L D  AT RE = 10000, PE = 4000. U2/U1 = 0.5. 
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0 M S U T A N I  AND BOWMAN 

y - y;/x - x o  

FIGURE 8. - NORMALIZED MEAN CONCENTRATION PROFILE AS A F U I K T I O N  OF THE CROSS-STREAM COORDINATE. 

N 

U 

Y - YO’X - xo 

FIGURE 9 .  - N O R M L I Z E D  RMS CONCENTRATION PROFILE AS A FUNCTION OF THE CROSS-STREAM COORDINATE. 
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U2 = 0.3333, RE = 10000; TIME = 19.00 

U2 = 0.3333, RE = 10000; TIME = 20.00 

u2 = 0.3333, RE = ioooo; TIME = 21.00 

FIGURE 10. - SCALAR'S VELOCITY FIELD AT RE = 10000, U2/U1 = 1/3. 

U2 = 0.3333, RE = 10000; TIME = 19-00 

U2 = 0.3333, RE = 10000: TIME = 20.00 

FIGURE 11. - PRODUCT CONCENTRATION FIELD, RE = 10000, PE = 4000, U2/U1 = 1/3. 
ISOTHERMAL REACTING LAYER. 
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U2 = 0.3333, RE = 10000; TIME = 19.00 

U2 = 0.3333. RE = 10000; TIME = 20.00 

FIGURE 12. - PRODUCT CONCENTRATION F I E L D ,  VARIABLE TEMPERATURE REACTING LAYER. 

U2 = 0.3333. RE = 10000; TIME = 20.00 

FIGURE 13. - PRODUCT CONCENTRATION FIELD,  VARIABLE TEMPERATURE REACTING LAYER. 

U2 = 0.3333, RE = 1oooO; TIME = 19.00 

U2 = 0.3333. RE = 10000; TIPIE = 20.00 

U2 = 0.3333. RE = 10000; TIME = 21.00 

FIGURE 14. - PRODUCT CONCENTRATION FIELD,  VARIABLE TEMPERATURE REACTING LAYER. 

ORIGINAL PAGE IS 
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I U  

y - YO/X - xo 

F I GURE 15. - NORMAL I ZED MEAN CONCENTRAT I ON 
PROFILE AS A FUNCTION OF THE CROSS- 
STREAM COORDINATE. 
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REACTING MIXING LAYER I 

. 2  

0 -  

- 
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FIGURE 16. - NORMALIZED RMS CONCENTRATION 
PROFILE AS A FUNCTION OF THE CROSS- 
STREAM COORDINATE. 

0 1 2 3 4 5 
X 

FIGURE 17. - VARIATION OF THE PRODUCT 
THICKNESS VERSUS THE DOWNSTREAM 
DISTANCE. 
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U2 = 0.3333. RE = 10000; TINE = 19.00 
. .  

. .. 

U2 = 0.3333. RE = 10000; TINE = 19.00 

FIGURE 18. - TEMPERATURE FIELD FOR REACTING NIXING LAYER. 

U2 I 0.3333, RE = 10000; TINE = 21.00 

U2 = 0.3333, RE = 10000; TINE = 21.00 

FIGURE 19. - TEMPERATURE FIELD FOR REACTING NIXING LAYER 
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